Sugar-induced anthocyanin accumulation has been observed in many plant species. We observed that sucrose (Suc) is the most effective inducer of anthocyanin biosynthesis in Arabidopsis (Arabidopsis thaliana) seedlings. Other sugars and osmotic controls are either less effective or ineffective. Analysis of Suc-induced anthocyanin accumulation in 43 Arabidopsis accessions shows that considerable natural variation exists for this trait. The Cape Verde Islands (Cvi) accession essentially does not respond to Suc, whereas Landsberg erecta is an intermediate responder. The existing Landsberg erecta/Cvi recombinant inbred line population was used in a quantitative trait loci analysis for Suc-induced anthocyanin accumulation (SIAA). A total of four quantitative trait loci for SIAA were identified in this way. The locus with the largest contribution to the trait, SIAA1, was fine mapped and using a candidate gene approach, it was shown that the MYB75/PAP1 gene encodes SIAA1. Genetic complementation studies and analysis of a laboratory-generated knockout mutation in this gene confirmed this conclusion. Suc, in a concentration-dependent way, induces MYB75/PAP1 mRNA accumulation. Moreover, MYB75/PAP1 is essential for the Suc-mediated expression of the dihydroflavonol reductase gene. The SIAA1 locus in Cvi probably is a weak or loss-of-function MYB75/PAP1 allele. The C24 accession similarly shows a very weak response to Suc-induced anthocyanin accumulation encoded by the same locus. Sequence analysis showed that the Cvi and C24 accessions harbor mutations both inside and downstream of the DNA-binding domain of the MYB75/PAP1 protein, which most likely result in loss of activity.
Sugars have an essential role in general metabolism and energy generation. Moreover, in plants, sugars are essential units for the generation of structural elements. Importantly, sugars have a hormone-like signaling function as well and act as primary messengers in signal transduction processes that regulate many important processes in all phases of the plant life cycle (Smeekens, 2000; Rolland et al., 2002; Rook and Bevan, 2003) . Sugar signaling regulates processes such as photosynthesis, nutrient mobilization, and allocation, and stimulates growth and storage of sink tissues (Koch, 1996; Rolland et al., 2002) . Elevated sugar levels induce developmental arrest of postgerminated seedlings in Arabidopsis (Arabidopsis thaliana), and this has been one of the principles used to identify mutants in sugar signaling (Smeekens, 2000; Rolland et al., 2002; Rook and Bevan, 2003; Gibson, 2005) . Sugars also have effects on floral transition and are involved in the control of leaf senescence (Bleecker and Patterson, 1997; Corbesier et al., 1998; Ohto et al., 2001 ). Many jasmonate, abscisic acid, stress-inducible, and pathogenesisrelated genes are coregulated by sugars as well (Reinbothe et al., 1994; Sadka et al., 1994) . Sugar signaling regulates gene expression at different levels, which include transcriptional and posttranscriptional processes (Koch, 1996) . Previous research has highlighted the sugar-mediated regulation of mRNA transcription (Koch, 1996) and stability (Chan and Yu, 1998; Cheng et al., 1999) , protein translation (Rook et al., 1998; Wiese et al., 2004) , and protein stability (Yanagisawa et al., 2003) .
Different sugar sensory mechanisms exist in plants that respond to different sugars. Moreover, different systems have been proposed for Glc sensing based on results obtained using various experimental approaches and systems (Smeekens, 2000; Rolland et al., 2002) . In Arabidopsis, a hexokinase-dependent pathway was proposed to sense Glc via the AtHXK1 protein. Such an AtHXK1-dependent pathway regulates photosynthesis-related and other genes, including chlorophyll a/b-binding protein (CAB1), enhanced response to ABA (ERA1), plastocyanin (PC), phospholipase (PLD), and small subunit of Rubisco (Xiao et al., 2000) . The AtHXK1 has separable catalytic and signaling functions and it was shown that downstream Glc metabolism is not required for hexokinase signaling (Moore et al., 2003) . Next to this system, a separate, HXK-independent pathway regulates genes such as PR1, PR5, AGPase, CHS, PAL1, and AS1 (Smeekens, 2000; Rolland et al., 2002) .
The presence in plants of a Suc-specific sensing pathway has been proposed as well, even though no information on a putative Suc sensor protein is currently available. In Suc-specific pathways, the effect of Suc cannot or can only partially be mimicked by the Suc breakdown products Glc and Fru, or by other sugars. Suc specifically regulates transcription of patatin, rolC, UDP-Glc pyrophosphorylase, and the BvSUT1 phloem-specific proton-Suc symporter (Wenzler et al., 1989; Jefferson et al., 1990; Yokoyama et al., 1994; Chiou and Bush, 1998; Ciereszko et al., 2001) . Interestingly, Suc is an effective regulator of translation of the ATB2/AtbZIP11 transcription factor gene (Rook et al., 1998; Wiese et al., 2004) .
Anthocyanins are widely found in plant species and are responsible for the purple coloration of plant parts. Anthocyanins provide color to flowers and fruits needed to attract pollinators and seed-dispersing animals (WinkelShirley, 2001 ). Anthocyanins are also important antioxidant molecules (Gould et al., 2002) and help to protect plants from damage by active oxygen species (Nagata et al., 2003) . These properties make them interesting as food ingredients for human and animal nutrition.
The stimulatory effects of sugars on anthocyanin biosynthesis in different organs of several plant species have been reported previously. For example, sugars induce anthocyanin biosynthesis gene transcription and pigment accumulation in developing corollas of Petunia hybrida (Weiss, 2000) . Similarly, anthocyanin accumulation is promoted by Suc in Vitis vinifera cells (Larronde et al., 1998) and known cellular signaling intermediates, such as Ca 21 and protein kinases and phosphatases, are involved in this process (Vitrac et al., 2000) . Sugars enhance anthocyanin biosynthesis in radish (Raphanus sativus) hypocotyls (Hara et al., 2003) . In Arabidopsis, anthocyanins are produced in cotyledons or leaves when growing on a sugar-containing medium, as revealed by purple coloration of the tissue (Tsukaya et al., 1991; Mita et al., 1997b; Ohto et al., 2001 ). This phenotype is induced by sugars and is not due to osmotic effects (Tsukaya et al., 1991; Martin et al., 2002) . Mutants of Arabidopsis that exhibit elevated or reduced b-amylase expression in response to sugars also show elevated or reduced sugar-induced anthocyanin levels (Mita et al., 1997a (Mita et al., , 1997b . High sugar-response mutants that exhibit elevated ApL3 expression in response to sugar also show elevated anthocyanin amounts (Baier et al., 2004) . Many anthocyanin biosynthetic genes are induced by sugars (Gollop et al., 2001 (Gollop et al., , 2002 Martin et al., 2002; Hiratsu et al., 2003) . The expression of the petunia (Petunia hybrida) chalcone synthase (CHS) gene in transgenic Arabidopsis leaves is induced by sugars (Tsukaya et al., 1991) . Interestingly, petunia and Arabidopsis CHS genes contain Suc boxes in the 5#-flanking regions of the gene. These Suc boxes were found in the upstream region of sporamin and b-amylase genes, which are induced by Suc (Tsukaya et al., 1991) . Glc can induce transcription of CHS via a hexokinaseindependent pathway (Xiao et al., 2000) .
The regulatory mechanism involved in sugar induction of anthocyanin biosynthesis is essentially unknown and the aim of this study is to obtain information on this mechanism, especially with respect to the different sugar-signaling pathways. We observed that Suc specifically induces anthocyanin accumulation in Arabidopsis. Moreover, considerable natural variation exists for this trait and we used this observation for quantitative trait loci (QTL) analysis in the Landsberg erecta (Ler)/Cape Verde Islands (Cvi) recombinant inbred line (RIL) population. A major locus involved in sugar-induced anthocyanin accumulation was identified in this way. Using a candidate gene approach, this QTL was identified as encoded by the MYB75/PAP1 regulatory gene.
RESULTS

Suc-Specific Induction of Anthocyanin Accumulation
Different sugars were tested for their ability to induce anthocyanin accumulation in Arabidopsis. Mono and disaccharides tested were Glc, Fru, Gal, Suc, maltose, trehalose, and lactose. Seeds of accession Ler were plated on one-half-strength Murashige and Skoog (MS) agar containing 100 mM of the sugar as indicated. Sorbitol was included in the experiment as an osmotic control. Anthocyanin accumulation in seedlings was measured after 5 d of growth under continuous light. The different sugar treatments resulted in large differences in anthocyanin accumulation. Sorbitol did not induce anthocyanin accumulation. Of the sugars tested, Suc and maltose treatment produced the highest level of anthocyanin. The effect of Glc was significant, although 2-fold less than that of Suc and maltose. Addition of Glc and Fru combined showed at most an additive effect (data not shown). Other sugars did not induce anthocyanin accumulation (Fig. 1A) .
Two Suc isomers, palatinose and turanose, and the Glc analog, 3-O-methyl-Glc, were also tested. Notably, turanose induced anthocyanin synthesis to the same extent as Glc, whereas palatinose and 3-O-methyl-Glc were essentially ineffective (Fig. 1A) .
Uptake of usable sugars always led to considerable growth stimulation. In this study, seedling growth was stimulated differently by the sugars. Suc, Glc, and Fru were effective sugars in stimulating growth (data not shown). Other sugars showed a reduced capacity for growth stimulation, indicating that differences in uptake or metabolism of the sugars exist. Fru stimulated growth but did not induce anthocyanin accumulation, indicating that the growth response did not depend on anthocyanin accumulation. Seedling growth was repressed by the addition of sugar analogs, palatinose, turanose, and 3-O-methyl-Glc (data not shown).
Anthocyanin induction by Suc, maltose, and Glc was further investigated in a time-course experiment. Seedlings were grown on one-half-strength MS agar for 3 d and transferred onto plates with one-halfstrength MS medium without sugar or with 100 mM of sugar as indicated. Seedlings were harvested 12, 36, and 60 h after treatment, and the anthocyanin accumulation was determined. Suc induced significant anthocyanin levels within 12 h of transfer, and the anthocyanin level peaked after 36 h (Fig. 1B) . Glc had a much weaker effect compared to Suc (Fig. 1B) . Interestingly, in this experiment, maltose also showed a weak anthocyanin induction effect, which was similar to Glc (Fig. 1B) . In the continuous treatment experiment, maltose was equally effective as Suc in inducing anthocyanin accumulation (Fig. 1A) . Apparently, only the continuous presence of maltose results in a high level anthocyanin accumulation. These findings indicate that Suc is the most effective sugar in inducing anthocyanin accumulation.
Next, the Suc concentration needed for induction of anthocyanin accumulation was established. Seeds of accessions Columbia (Col), Ler, and Cvi were grown on one-half-strength MS agar plates in the presence of varying concentrations of Suc. In Col and Ler, already 10 mM of Suc significantly induced anthocyanin accumulation. Here, a near-linear relationship between Suc concentration and anthocyanin level was observed (Fig.  1C) . Remarkably, Suc hardly affected anthocyanin levels in Cvi even at a concentration of 100 mM (Fig. 1C ). This suggests that natural variation of Suc-induced anthocyanin accumulation exists in Arabidopsis.
Natural Variation in Suc-Induced Anthocyanin Accumulation among Arabidopsis Accessions
The observation that Suc failed to induce anthocyanin accumulation in Cvi, whereas it was an effective inducer in Ler and Col, led us to investigate natural variation of this trait among Arabidopsis accessions. Anthocyanin content was measured in 43 accessions grown on one-half-strength MS medium with 100 mM of Suc for 5 d. The levels of anthocyanin among these accessions varied greatly (Fig. 2) . In our experimental conditions, accession Tsu-0 showed the highest anthocyanin content (19.96 6 2.19 units/g fresh weight; for unit definition, see ''Materials and Methods''). In contrast, Cvi showed the lowest anthocyanin level (1.03 6 0.31 units/g fresh weight) among the accessions tested. Anthocyanin levels of C24 and Kas-1 were also low (Fig. 2) .
QTL Analysis of Suc-Induced Anthocyanin Synthesis
The widely varying Suc-induced anthocyanin content in Ler and Cvi suggested the use of the Ler/Cvi RIL population to identify QTL affecting this trait. The anthocyanin content was measured in seedlings of RILs grown in one-half-strength MS medium containing 100 mM Suc. The averages of two duplicate experiments were used for QTL analysis. Interestingly, the distribution of anthocyanin accumulation in the RIL population was bimodal, suggesting the existence of a major QTL (Fig. 3A) .
QTL mapping was performed for anthocyanin accumulation and four QTLs were identified. These were named Suc-induced anthocyanin accumulation (SIAA) loci 1 to 4. SIAA1, SIAA2, and SIAA4 loci were located on chromosome 1, whereas SIAA3 was on located chromosome 2 (Fig. 3B ). The additive effects of these four QTLs accounted for 67.0% of the total phenotypic variance. SIAA1 showed the strongest effect, and this locus explained 58.1% of the variation for anthocyanin content. The presence of the Ler genotype at this QTL led to increased anthocyanin content. Similarly, the Ler genotype on SIAA2 also increased the anthocyanin content. However, the Ler genotype at SIAA3 and SIAA4 decreased anthocyanin content (Table I) . No significant epistasis was detected between the QTLs identified (P , 0.005).
Genetics Analysis, Fine Mapping, and a Candidate Gene of the SIAA1 Locus
Relationships between alleles of Ler and Cvi on SIAA1 were investigated by testing seedlings derived from seed of crosses between Ler and Cvi. Moreover, RIL Cvl8 was also investigated. Cvl8 contains the Cvi segment of this major QTL region and showed no anthocyanin synthesis when plated on Suc-containing agar. Cvl8 was crossed to Ler and the F 2 population was analyzed. Seedlings were examined after growth for 3 to 5 d on one-half-strength MS agar containing 100 mM Suc. Under these conditions, Ler showed a purple coloration of the cotyledons, especially on the abaxial side ( Fig. 4A) , whereas Cvi did not show coloration (Fig. 4B ). Purple cotyledons as in Ler were also observed in F 1 seedlings of the Ler 3 Cvi and Cvi 3 Ler crosses (Fig. 4, C and D) . Seedlings of F 2 from Cvl8 3 Ler could be easily classified into Ler type (with purple cotyledons) and Cvi type (without purple cotyledons) after growth on 100 mM Suc for 3 to 5 d. The numbers of Ler-type and Cvi-type seedlings were 144 and 56, respectively, not deviating significantly from a 3:1 segregation ratio. These results show monogenic inheritance with the Ler allele of SIAA1 dominant over the Cvi allele.
The SIAA1 locus was fine mapped by scoring the anthocyanin phenotype of the cotyledons in the RIL population after growth on 100 mM Suc for 3 to 5 d. RILs with purple cotyledons were classified as Ler type. RILs without the clear purple coloration were classified as Cvi type (Fig. 4, E and F) . Thus, the anthocyanin accumulation phenotype could be analyzed as a qualitative trait in the Ler/Cvi RIL population. Initial experiments mapped SIAA1 between CH.200C and EC.88C using a core map with 99 markers and Mapmaker/EXP 3.0 software (Lander et al., 1987; Fig. 5A) . Next, all markers in this region (Alonso-Blanco et al., 1998) were used as input data and the location of SIAA1 narrowed down between markers DF.80C and EC.88C with genetic distance of 2.5 and 1.3 cM, respectively (Fig. 5B) . Among the amplified fragmentlength polymorphism (AFLP) markers in this region, DF.260L-Col and DF.408C-Col were integrated into the physical map by in silico AFLP analysis (Peters et al., 2001). These markers are present on bacterial artificial chromosomes F20D21 and T13D8, respectively (Fig. 5, B and C) . The physical distance between these two markers was about 2 Mb, according to the Arabidopsis genomic sequence. Eight new simple sequence-length polymorphism (SSLP) markers were developed for this region and were used for further fine mapping, together with SSLP marker nga128 (see ''Materials and Methods''). Finally, SIAA1 was mapped between F25P12-1 and F12K22 in a genomic region of about 200 kb; markers F25P12-2 and T8L23 cosegregated with SIAA1 (Fig. 5C) .
The 200-kb genomic region between markers F25P12-1 and F12K22 contains 124 annotated genes (from At1g56590 to At1g57790). Of these, 81 are tRNA genes (from At1g56730 to At1g57530) and therefore unlikely to explain the observed variation, leaving 43 candidate genes. Annotations of these genes and results from the literature pointed our attention to a MYB transcription factor gene, the MYB75/PAP1 (At1g56650). MYB75/PAP1 is a positive regulator of anthocyanin synthesis (Borevitz et al., 2000) , which induced the expression of genes involved in anthocyanin synthesis (Tohge et al., 2005) . Moreover, the transcription of MYB75/PAP1 is induced by Suc (Kranz et al., 1998) . Transgenic Arabidopsis plants that expressed MYB75/ PAP1 fused to the SRDX repression domain showed a repression of anthocyanin synthesis in the presence of Suc, whereas wild-type seedlings accumulated anthocyanin (Hiratsu et al., 2003) . Therefore, MYB75/PAP1 was considered to be a candidate gene for SIAA1. The myb75 Null Allele Lacks Suc-Induced Anthocyanin Accumulation
The hypothesis that MYB75/PAP1 is the gene underpinning SIAA1 was tested using a laboratory-generated mutant line in which a dissociation (Ds) transposon was inserted in MYB75/PAP1 (line pst16228 or 13-3235-1 from RIKEN BioResource Center [http://rarge.gsc.riken. jp/dsmutant/index.pl]; Kuromori et al., 2004) . The Ds transposon was inserted in the third exon of the MYB75/PAP1 gene in the accession Nossen, and was confirmed by sequencing PCR fragments of both Dsflanking segments (Fig. 6A) . The insertion resulted in an interruption of the coding sequence from amino acid 213 onward. Seedlings of both parents of pst16228, NaeAc380-16 (N8538), and Ds3-390-1 (N8521) accumulated anthocyanin when grown on Suc-containing media (Fig. 6, B and C) . Homozygous insertion lines grown on Suc lacked the purple-coloration phenotype, similar to what is observed in the Cvi accession (Fig. 6D) . In Suc-grown pst16228, the anthocyanin content was less than in the Cvi accession (Fig. 6E) .
Plating of 200 seeds from plants heterozygous for the insertion (as identified by PCR analysis of leaf material; see ''Materials and Methods'') on Suc media resulted in seedlings of which 154 showed purple cotyledons, whereas 46 showed no coloration, in agreement with a 3:1 segregation ratio. In this seedling population, hygromycin resistance encoded on the Ds element was also investigated. Of the 154 seedlings with purple cotyledons, 56 showed hygromycin sensitivity, not differing significantly from a 2:1 segregation ratio. No hygromycin-sensitive seedlings were present among the 46 seedlings without anthocyanin. Thus, a total of 144 seedlings showed hygromycin resistance, indicative for the presence of a single Ds insertion (3:1 ratio) in this line. The genotypes of insertions in these 144 hygromycin-resistant plants were also established by PCR. All plants with a Cvilike phenotype carried the homozygous insertion in MYB75/PAP1, whereas all plants that showed purple coloration were heterozygous. These results demonstrate that the Ds insertion is tightly linked to the phenotype.
An active DFR enzyme is essential for anthocyanin biosynthesis. The Suc-induced expression of DFR was tested and it was observed that DFR is expressed at elevated levels in both NaeAc380-16 and Ds3-390-1 grown on Suc (Fig. 6F) . No Suc-enhanced expression of DFR was detected in the homozygous insertion plants grown under the same condition (Fig. 6F) .
The SIAA1 Locus Represents MYB75/PAP1
Seedlings derived from reciprocal crosses between Cvi and pst16228 carrying the homozygous Ds insertion in MYB75/PAP1 were tested for complementation. In both crosses, no complementation was observed, revealing that the two recessive alleles are allelic (Fig. 7,  A and B) . As expected, F 1 seedlings of a cross between Cvi and either one or both insertion-line parents, NaeAc380-16 and Ds3-390-1 (Fig. 7, C and D) , show Suc-induced anthocyanin accumulation, as do F 1 seedlings of a cross between pst16228 and Ler (Fig. 7E) . Therefore, we conclude that the SIAA1 locus represents MYB75/PAP1.
The MYB75/PAP1 Allele in the Arabidopsis C24 Accession Is Responsible for Low Suc-Induced Anthocyanin Levels
Low Suc-induced anthocyanin levels (Figs. 2 and  6E ) and weak purple coloration of cotyledons were also observed in the C24 accession (Fig. 8A) . Genetic analysis showed that this phenotype is also due to a recessive allele of MYB75/PAP1. In the selfed progeny of the Ler 3 C24 cross, we detected 141 seedlings with anthocyanin and 46 without on one-half-strength MS medium plus 100 mm Suc, consistent with a 3:1 segregation ratio. These results indicated that a single major recessive gene is responsible for the lack of induction of anthocyanin accumulation in C24.
The possibility that an allele of the MYB75/PAP1 is responsible for the low induced anthocyanin content in C24 was investigated. F 1 seedlings derived from the reciprocal crosses of C24 3 pst16228 and C24 3 Cvi showed very weak purple coloration, showing that Coloration of seedling of NaeAc380-16 (B), Ds3-390-1 (C), and pst16228 (D). Top, Adaxial view of cotyledon; middle, abaxial view of cotyledon; bottom, whole seedling. E, Absence of Suc-induced anthocyanin accumulation in pst16228. Seedlings of NaeAc380-16, Ds3-390-1, pst16228, Cvi, and C24 were grown on one-half-strength MS medium without sugar (No) or with 100 mM Suc for 5 d. The data represent mean values of three independent experiments. F, Suc does not induce the DFR gene in mutant pst16228. Reverse transcription-PCR was performed using RNA isolated from seedlings of NaeAc380-16, Ds3-390-1, and pst16228 grown on one-half-strength MS medium without sugar (No) or with 100 mM Suc.
Figure 7. Genetic analysis shows that the SIAA1 locus represents MYB75/PAP1. Coloration of seedlings derived from crosses between pst16228 3 Cvi (A), Cvi 3 pst16228 (B), Cvi 3 NaeAc380-16 (C), Cvi 3 Ds3-390-1 (D), and pst16228 3 Ler (E). Seedlings were grown on one-half-strength MS medium containing 100 mM Suc for 3 to 5 d. Top, Adaxial view of cotyledon; middle, abaxial view of cotyledon; bottom, whole seedling. they failed to complement each other (Fig. 8, D , E, H, and I). NaeAc380-16 and Ds3-390-1 lines do complement C24 (Fig. 8, F and G) . Therefore, we conclude that the low level of Suc-induced anthocyanin accumulation observed in the C24 accession is due to a recessive MYB75/PAP1 allele, apparently with a reduced function in inducing anthocyanin accumulation on a Succontaining medium.
Natural Variation in the MYB75/PAP1 Amino Acid Sequence
In both Cvi and C24 accessions, MYB75/PAP1 mRNA levels are normally induced by Suc as observed in Ler (Fig. 9A) . Therefore, it is likely that the observed variation in Suc-induced anthocyanin accumulation results from different activities of the MYB75/PAP1 proteins present in the different accessions. The sequences of MYB75/PAP1 in Ler, Cvi, and C24 were determined and the sequence of Col was retrieved from The Arabidopsis Information Resource database. The MYB75/PAP1 coding regions of these four accessions showed a total of 15 single-nucleotide polymorphisms (SNPs) in a sequence of 747 nucleotides. Eleven of these SNPs were nonsynonymous substitutions, leading to a changed amino acid residue (Fig. 9B) . The deduced amino acid sequences of these four alleles were aligned with ClustalW (Thompson et al., 1994) . The phenotypes suggest that Col and Ler harbor functional protein, whereas Cvi and C24 might encode for weak or loss-of-function proteins. Surprisingly, C24 clusters with Ler, whereas Cvi clusters with Col (Fig. 9C ). There were eight amino acid substitutions observed between Col and Ler, but only two amino acid substitutions between Col and Cvi and between Ler and C24 (Fig. 9B) .
Comparison of the amino acid sequence of the functional proteins from Col and Ler to the sequence of Cvi showed amino acid substitutions for Pro-37 to His-37 (CCT to CAT) and Lys-160 to Asn-160 (AAA to AAT). The Pro-37 to His-37 exchange occurs in the MYB R2 DNA-binding domain (Jia et al., 2003) . Since a Pro residue is involved, this mutation likely results in a conformational change in this domain that might affect its DNA-binding ability. The Lys-160 amino acid is positioned outside the R2, R3 DNA-binding domain, but this region probably is important for the function of the protein as well. This region also contains the Cys-167 amino acids, and comparison of the Col and Ler sequence to that of C24 shows a Cys-167 to Arg-167 (TGC to CGC) amino acid substitution. Thus, in C24, the MYB75/PAP1 protein shows reduced activity due to a mutation at amino acid position 167.
DISCUSSION
Anthocyanin accumulation can be induced by sugars in many plant species. Arabidopsis mutants with altered responses to sugar also show altered sugarinduced anthocyanin accumulation (Mita et al., 1997a (Mita et al., , 1997b Baier et al., 2004) . Arabidopsis plants defective in the SUC2 Suc transporter gene accumulate large amounts of soluble sugars in leaves. Microarray analysis of suc2/pho3 mutant plants shows that the PAP1/ MYB75 and PAP2/MYB90 genes are strongly induced, as well as seven genes of the anthocyanin biosynthesis pathway (Lloyd and Zakhleniuk, 2004) . Signaling intermediates, such as Ca 21 , protein kinases, and protein phosphatases, are involved in sugar-induced anthocyanin accumulation (Vitrac et al., 2000) . The signaling pathway for sugar-induced anthocyanin accumulation is independent of the known Glc sensor protein HXK1 (Xiao et al., 2000) . In this study, we discovered that a Suc-dependent signaling pathway induces anthocyanin accumulation in a process that depends on a functional MYB75/PAP1 protein. Moreover, naturally occurring allelic variation was observed for this anthocyanin accumulation trait.
A Suc-Dependent Mechanism Induces Anthocyanin Accumulation
Suc acts as a signaling molecule independent of other neutral sugars, notably Glc and Fru. Suc specifically repressed steady-state mRNA levels as well as Suc transport activity of the proton-Suc symporter in excised sugar beet (Beta vulgaris) leaves (Vaughn et al., 2002) . Similarly, Suc controls expression of the AtbZIP11/ ATB2 gene via a posttranscriptional mechanism. Translation of the AtbZIP11 mRNA is repressed specifically by Suc; other sugars are less effective (Rook et al., 1998; Wiese et al., 2004) . These findings point to the operation of Suc-induced signaling systems in plants, which is separate from the hexose-signaling systems. In this study, it was found that Suc specifically induces the anthocyanin biosynthetic pathway. A number of metabolically active sugars showed different effects on the induction of anthocyanin accumulation, indicating that sugar-induced anthocyanin accumulation is independent of general sugar metabolism. Of the sugars tested, Suc most rapidly and strongly induces anthocyanin accumulation in a concentration-dependent manner (Fig. 1) . Maltose effectively induces anthocyanin accumulation when continuously present (Fig. 1A) . However, in a time-course experiment, maltose has no effect (Fig. 1B) . Possibly, maltose is efficiently metabolized to Suc when present continuously. A similar incubation time-dependent effect of maltose was observed for the bZIP11 translational control system mentioned above.
The nonmetabolizable Suc analogs palatinose and turanose were used to study disaccharide sensing independent of metabolism. In potato (Solanum tuberosum) tuber discs, palatinose mimics the stimulatory effect of Suc on starch synthesis (Fernie et al., 2001 ). In barley (Hordeum vulgare) embryos, both palatinose and turanose mimic the repressive effect of Suc on a-amylase expression (Loreti et al., 2000) . In this study, continuous incubation with turanose induced anthocyanin accumulation to about one-half the level observed with Suc, whereas incubation with palatinose did not. Interestingly, the AtSUC2 Suc transporter can transport turanose, whereas palatinose is not transported (Chandran et al., 2003) .
MYB75/PAP1 Plays an Essential Role in Suc-Induced Anthocyanin Synthesis
A major QTL affecting Suc-induced anthocyanin accumulation was identified in a RIL population derived from a cross between Ler and Cvi. The gene responsible for this QTL effect was identified and shown to be the MYB75/PAP1 gene. This gene has nga128  5#-ATCTTGAAACCTTTAGGGAGGG-3#  5#-GGTCTGTTGATGTCGTAAGTCG-3#  T6H22  5#-GCCAAATCAATGCAGTCTCTG-3#  5#-TTGCAGCTTTGAAAATCCAG-3#  F13N6  5#-CAGGGTGTGTTTACCCCAAG-3#  5#-GGGTCACAACAAAACACTAGAGA-3#  F25P12-1  5#-TCTTTCACTTGGTCAACACA-3#  5#-AGGAACATGCATTCAAAAGT-3#  F25P12-2  5#-GACACGTGGCACGATCCTAT-3#  5#-ACGCGAGGAATGAAGAGGTA-3#  T8L23  5#-ATGTCGTGCCCTTGACTGA-3#  5#-TGTATAGGGAGATTGGTCAATTACA-3#  F12K22  5#-CGGCTATTTTGAAGCCCTAA-3#  5#-CATCGCATGCATACACCTTC-3#  T18I24  5#-CCTACGAAGAGCTTTGTGAGTGT-3#  5#-CCATGCACCAACAGAAATGA-3#  F23H11  5#-GCTCACCTGTCGAAACCACT-3#  5#-TGCACTGCACATGCACAAC-3# previously been identified as a positive regulator of anthocyanin biosynthesis (Borevitz et al., 2000; Tohge et al., 2005) . The identity of this MYB75/PAP1 gene was confirmed by this analysis of natural allelic variation and analysis of the laboratory-generated gene insertion line. Many flavonoid biosynthesis structural and regulatory genes have been isolated using different methods in maize (Zea mays), snapdragon (Antirrhinum majus), petunia, and Arabidopsis (Holton and Cornish, 1995; Shirley et al., 1995; Mol et al., 1998) . Genes encoding enzymes for the whole biosynthetic pathway have been cloned, as well as those of many regulatory loci (Winkel-Shirley, 2001 ). Anthocyanin synthesis is regulated by a heterotrimeric MYB-basic helix-loop-helix (bHLH)-WD40 protein complex (Zhang et al., 2003; Baudry et al., 2004; Zimmermann et al., 2004 ). This complex can harbor different members of the MYB and bHLH protein families. The TTG1 gene encodes the WD40 protein present in the complex. This gene has other functions as well. Next to its involvement in the regulation of anthocyanin synthesis, TTG1 is, for example, involved in the development of trichomes, root hair, and seed coat mucilage (Walker et al., 1999; Ramsay and Glover, 2005) . TTG1 is essential for Sucinduced anthocyanin accumulation, and in ttg1 mutants Suc is incapable of inducing anthocyanin (Shirley et al., 1995) . Three bHLH genes, GL3, EGL3, and TT8, participate in the regulation of anthocyanin synthesis. Analysis of single, double, and triple mutants indicates that these three bHLH genes are partially redundant in regulating the anthocyanin pathway (Zhang et al., 2003) .
Two MYB genes, MYB75/PAP1 and MYB90/PAP2, are involved in the regulation of anthocyanin synthesis (Borevitz et al., 2000) . Here we show that Suc-induced anthocyanin synthesis depends on a functional MYB75/PAP1 gene. Moreover, Suc-induced expression of a gene encoding a key enzymatic function, DFR, is lost in the myb75/pap1 mutant. Thus of the two MYB genes, only MYB75/PAP1 is essential for Suc induction of the anthocyanin pathway. A Suc-induced signaling pathway induces the expression of MYB75/ PAP1 and, as a consequence, the anthocyanin synthesis pathway is triggered.
Natural Variation of MYB75/PAP1 Genes among Arabidopsis Accessions
Several genes responsible for natural variation have been identified at the molecular level in Arabidopsis. For some of these, the molecular polymorphisms underlying the phenotypic variation have been elucidated. These include SNPs that generate single amino acid substitutions, small deletions that produce truncated protein or altered expression level, large deletions eliminating the complete gene, and large transposon-related insertions in noncoding regulatory regions that alter the expression level (Koornneef et al., 2004) .
Extensive natural variation exists in Suc-induced anthocyanin accumulation among the accessions of Arabidopsis, with Cvi and C24 accessions showing very low induced anthocyanin content (Figs. 2 and  6E ). Suc induces MYB75/PAP1 transcripts in Cvi and C24 to a similar level as in Ler (Fig. 9A) . Therefore, low activity of the Cvi and C24 alleles is due to polymorphisms in the coding region. In the four accessions studied, 15 SNPs were uncovered in the 747-bp MYB75/PAP1 coding region. Eleven of them are nonsynonymous substitutions that change the amino acid residue. Col and Ler possess functional alleles, whereas Cvi and C24 have either very weak or lossof-function alleles. Surprisingly, the amino acid sequence of C24 is more similar to Ler, whereas Cvi is more similar to Col. Apparently, general similarity in amino acid sequence in this gene does not relate to the functional properties of the protein. Comparison of the Col and Ler alleles with the weak or null alleles of Cvi and C24 suggests that the Pro-37 to His-37 (CCT to CAT) and Lys-160 to Asn-160 (AAA to AAT) substitution in Cvi, and the Cys-167 to Arg-167 (TGC to CGC) substitution in C24 are responsible for the mutant allele phenotype. SNPs are responsible for these amino acid substitutions. Therefore, these nucleotides represent quantitative trait nucleotides.
The physiological significance of Suc-induced anthocyanin accumulation is currently not understood. Similarly, the ecological significance of natural variation of the trait is unclear. Possibly, stressful growth conditions that allow Suc synthesis, but are inhibitory to its utilization, will result in increased Suc levels, which induce anthocyanin accumulation that is helpful in negating the stress imposed. For example, coldacclimated plants sustain high levels of photosynthesis and have much higher Suc content than plants grown under normal temperatures (Strand et al., 1999) . Such high Suc levels might induce anthocyanin important for photoprotection. In such a scheme, Suc acts as a stress signal. Already very low Suc concentrations stimulate anthocyanin accumulation, which increases in a linear way with the Suc level.
MATERIALS AND METHODS
Plant Material
The Arabidopsis (Arabidopsis thaliana) accessions listed below were used for analysis of natural variation of Suc-induced anthocyanin accumulation. They were Be-0 (N964), Br-0 (N994), Bu-5 (N1014), C24 (N906), Can-0 (N1064), Chi-1 (N1074), Col-0 (N1092), Col-4 (N993), Cvi (N8580), Dyon (W10159), Eil-0 (N6693), En-2 (N1138), Es (N1144), Fuk (W10219), Gü -0 (N1212), Hiroshima (N1677), Ik (W10223), Ita-0 (N1244), Jm-1 (N1260), Kam (Steno), Kas-1 (N903), Kas-2 (N1264), Kl-5 (N1284), Ko-3 (N1290), Ler (N8581), Ll-0 (N1338), Ms-0 (N905), Mt-0 (N6799), Nd-1 (N1636), Nes-1 (W10042), No-0 (N1394), Orn (Steno), Oy-1 (N1643), Pak-1 (W10212), RLD (N913), Sav-0 (N1514), Sei-1 (N1504), Sha (N929), Strand (Steno), Tsu-0 (N1564), Wa-1 (N6885), Ws-2 (N1601), and Wt-1 (N1604). The Nottingham Arabidopsis Stock Centre (NASC) numbers (NXXXX) are indicated between parentheses. Others (WXXXXX or Steno) were from the Wageningen University Stock Centre.
The RIL population used for QTL analysis was derived from a cross between Ler and Cvi and consisted of 162 RILs. These RILs were previously characterized genetically using AFLP and cleaved amplified polymorphic sequence markers (Alonso-Blanco et al., 1998) .
The RIKEN line pst16228 has a transposon inserted in the third exon of MYB75/PAP1 (RIKEN BioResource Center [http://rarge.gsc.riken.jp/ dsmutant/index.pl]; Kuromori et al., 2004) . This line and the parental lines NaeAc380-16 (N8538) and Ds3-390-1 (N8521) were used to analyze the role of MYB75/PAP1 in Suc-induced anthocyanin synthesis and for genetic confirmation of the major QTL. All these lines are in Nossen background.
Ler, which is a parent of the Ler/Cvi RIL population, was used for testing sugar specificity.
Growth of Seedling and Anthocyanin Measurement
Seeds were plated on one-half-strength MS medium, pH 5.8, including vitamins. This medium was solidified with 0.8% plant agar. The different sugars (Suc, Glc, Fru, Gal, lactose, trehalose, and lactose) and sugar analogs (palatinose, turanose, and 3-O-methyl-Glc) were added as indicated. Seeds were surface sterilized in chlorine gas for 3.5 h and placed in a laminar flow for at least 1 h for air ventilation. Chlorine gas production was initiated by mixing 100 mL of commercial chlorine bleach (Glorix; Unilever) and 4 mL of hydrochloric acid. About 100 seeds were plated for each line per treatment. Seeds were stratified on plates for 4 d at 4°C in the dark. Next, plates were incubated at 22°C under continuous fluorescent light.
Anthocyanin content of seedlings was determined using the protocol of Mita et al. (1997b) . Frozen, homogenized seedlings (20 mg) were extracted for 1 d at 4°C in 1 mL of 1% (v/v) hydrochloric acid in methanol. The mixture was centrifuged at 13,000 rpm for 15 min and the absorbance of the supernatant was measured at 530 and 657 nm. Relative anthocyanin concentrations were calculated with the formula [A 530 2 (1/4 3 A 657 )]. The relative anthocyanin amount was defined as the product of relative anthocyanin concentration and extraction solution volume. One anthocyanin unit equals one absorbance unit [A 530 2 (1/4 3 A 657 )] in 1 mL of extraction solution.
QTL Analyses and Fine Mapping
A set of 99 markers evenly distributing and covering most of the Arabidopsis genome was selected from the Ler/Cvi RIL map (Alonso-Blanco et al., 1998) . These markers spanned 482 cM, with an average interval of 5 cM and the largest genetic distance being 12 cM.
The computer software package MapQTL, version 4.0 (van Ooijen, 2000) , was used to identify and locate QTLs on the linkage map. For this, interval mapping and multiple QTL model mapping was performed, as described in the reference manual (http://www.plant.wageningen-ur.nl/products/ mapping/mapqtl). Log of the odds (LOD) threshold values applied to declare the presence of a QTL were estimated by the permutation tests. The quantitative trait data of the RIL population were permutated 10,000 times over the genotypes and empirical LOD thresholds corresponding to a genome-wide significance value of 0.05 were estimated to be 2.6 for this dataset. The estimated additive genetic effect and the percentage of variance explained by each QTL were obtained with MapQTL in the final multiple QTL model in which one cofactor marker was fixed per QTL. A positive additive effect implies that the Ler genotypes increase the anthocyanin level, while negative effects indicate that the Cvi genotypes increase the anthocyanin level.
Two-way interactions among the QTLs identified were tested by ANOVA using the corresponding two markers as random factors.
Eight new SSLP markers, located between DF.260L-Col and DF.408C-Col, were developed according to the sequence information of Insertion/Deletion from The Arabidopsis Information Resource (http://www.arabidopsis.org/ Cereon/index.jsp). The sequences of primers used are shown in Table II . The PCR program used was as follows: (1) 1 cycle of 94°C for 2 min; (2) 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min; and (3) 72°C for 5 min. Following PCR, polymorphisms were detected on a 3% agarose gel buffered with 0.5 3 Tris-borate/EDTA.
Analysis of the MYB75/PAP1 Structure Gene and Insertion Flanking Sequences
The MYB75/PAP1 structural gene region was amplified by PCR from accessions Ler, Cvi, and C24. The primers used were: forward, 5#-TGGATATCAAACATGCACGTCACTTCCT-3# and reverse, 5#-CCAATG-AGTAGACTACTCAA-3# (for Ler and C24) and 5#-CTTCAGTACCAA-ACCTTCTCTACCGACC-3# (for Cvi). The SIGnAL T-DNA verification primer design (http://signal.salk.edu/tdnaprimers.2.html) was used to design primer sequences for amplification of the flanking fragments and genotypes of the insertion lines. These were: left primer (LP), 5#-TGG-TTTTGTAGGGCTAAACCG -3# and right primer (RP), 5#-AAACACCGGA-TACATACCTTTTTC-3#. To amplify the flanking fragment, LP was combined with Ds5-3 (5#-TACCTCGGGTTCGAAATCGAT-3#) and RP was combined with Ds3-2a (5#-CCGGATCGTATCGGTTTTCG-3#). For genotyping the insertion, primers LP, RP, and Ds 3-2a were used. The wild-type line produces a PCR product of about 900 bp (from LP to RP). Lines carrying the homozygous insertion produce a band of about 500 bp (from RP to Ds 3-2a). Heterozygous lines produce both bands. The PCR program was as follows: (1) 1 cycle of 94°C for 2 min; (2) 30 cycles of 94°C for 30 s, 60°C for 45 s, and 72°C for 3 min; and (3) 72°C for 10 min. All PCR products ware analyzed on a 1% agarose gel.
The PCR production of the MYB75/PAP1 structural gene region from accessions Ler, Cvi, and C24, and the flanking fragments of insertion were purified from the agarose gel for sequence analysis.
Reverse Transcription-PCR
Total RNA was isolated using the RNeasy plant mini kit (Qiagen). The quality and the quantity of the RNA were analyzed by electrophoresis on 1.2% agarose and spectrometry, respectively. RNA was DNase-treated (Fermentas) and a 1-mg aliquot was reverse transcribed using Maloney murine leukemia virus (Promega). The PCR reaction mixture with a total volume of 50 mL consisted of Taq buffer (Fermentas), 50 pmol of each primer, 20 nmol of dATP, dCTP, dGTP, and dTTP, 2.5 units of Taq, and cDNA equivalent to 50 ng of RNA. The PCR program was as follows: (1) 1 cycle of 94°C for 2 min; (2) N cycles of 94°C for 30 s, 60°C for 45 s, and 72°C for 3 min; and (3) 72°C for 10 min. For act8, N is 30; for MYB75/PAP1, N is 40; for DFR, N is 27. The primers for MYB75/PAP1 were as follows: forward, 5#-GCTCTGATGAAGTCGATCTTC-3# and reverse, 5#-CTACCTCTTGGCTTTCCTCT-3#; for DFR: forward, 5#-ATGGTTAGTCA-GAAAGAGACCG-3# and reverse, 5#-GTCTTATGATCGAGTAATGCGC-3# (Nesi et al., 2000) ; for ACT8: forward, 5#-ATGAAGATTAAGGTCGTGGCA-3# and reverse, 5#-CCGAGTTTGAAGAGGCTAC-3#. The PCR products ware analyzed on a 1.5% agarose gel.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers DQ222404 (Ler), DQ222405 (Cvi), and DQ222406 (C24).
